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Abstract  15 
Salt marshes are important coastal environments that provide key ecological services. As sea 16 
level rise has accelerated globally, concerns about the ability of salt marshes to survive 17 
submergence are increasing. Previous estimates of likely survival of salt marshes were based on 18 
ratios of sea level rise to marsh platform accretion. Here we took advantage of an unusual, long-19 
term (1979-2015), spatially detailed comparison of changes in a representative New England salt 20 
marsh to provide an empirical estimate of habitat losses based on actual measurements. We show 21 
prominent changes in habitat mosaic within the marsh, consistent and coincident with increased 22 
submergence and coastal erosion. Model results suggest that at current rates of sea level rise, 23 
 2 
marsh platform accretion, habitat loss, and with the limitation of the widespread “coastal 24 
squeeze”, the entire ecosystem might disappear by the beginning of the next century, a fate that 25 
might be likely for many salt marshes elsewhere. 26 
 27 
Keywords: salt marsh loss, sea level rise, ecological services, vegetation mosaics, coastal 28 
squeeze. 29 
 30 
Highlights:  31 
Accelerated sea level rise increased submergence in a New England salt marsh. 32 
Increased sea level collapsed creek banks and widened channels. 33 
Low marsh vegetation cover increased while high marsh cover decreased. 34 
Habitat, sediment stability, C burial, foraging and nursery services were affected. 35 
Vegetation cover seems likely to disappear by the beginning of the next century.  36 
 3 
1. Introduction 37 
Global sea levels have been rising since the last glacial maximum, at rates of around 1 mm yr-1 38 
during late Holocene (Kemp et al., 2011).  These moderate sea level rise rates allowed 39 
development of coastal salt marshes, through vertical build-up of salt marsh platforms, by 40 
accumulation of underground organic matter and sediment deposition, at rates greater than or 41 
equal to sea level rise (Redfield, 1972).  42 
 Sea levels have variably increased across recent centuries (Church and White, 2011), but 43 
a significant recent acceleration of sea level rise is apparent across many coasts of the world 44 
(Kopp et al., 2016; Merrifield et al., 2009), with hotspots including the Atlantic coast of North 45 
America (Sallenger et al., 2012). Accelerated sea level rates are evident in Cape Cod (Fig. 1a), 46 
where recent rate of sea level rise is almost six times higher than the rates observed during the 47 
late Holocene. Such increases in sea level force a plethora of environmental effects on coastal 48 
ecosystems such as salt marshes (Morris et al., 2002; Valiela, 2006).  49 
Accelerated sea level rise rate, if not matched by accretion of the marsh platform, should 50 
significantly increase submergence and shift the vegetation mosaic within salt marshes (Miller et 51 
al., 2001; Smith, 2014). Plant zonation within salt marshes is vertically stratified, with species of 52 
plants and algae constrained within certain elevation ranges (Valiela and Rietsma, 1995) (Fig. 53 
1b, c). As sea level rises, the vegetation strata can only survive if they migrate into shallower 54 
sites in a landward direction. Rising sea levels also force accompanying changes in coastline 55 
position and re-distribute sediment within coastal wetlands (Kolker et al., 2009). 56 
Concerns about sea level-driven alteration of vegetation and sediments in salt marsh 57 
ecosystems are based on potential loss of important ecological services that these coastal 58 
environments furnish—stabilization of sediment, shoreline protection, interception of nutrients, 59 
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provision of habitat use for shellfish, birds, and other fauna, sequestration of atmospheric carbon, 60 
plus a number of other functions (Craft et al., 2009; Valiela, 2006). The plethora of ecological 61 
services furnished by salt marshes result from ecological, biogeochemical, and geological 62 
mechanisms that differ among the various vegetation and sediment habitats within salt marshes. 63 
Thus, as sea level alters marsh habitat mosaics, it seems reasonable to expect potential changes 64 
in services provided by marsh ecosystems, and loss of these services if the marsh disappears. 65 
There have been differing conclusions about salt marshes facing rising sea levels, ranging 66 
from exceptionally vulnerable (Watson et al., 2017), to threatened (Crosby et al., 2016), to 67 
susceptible (Valiela, 2006), to over-estimated (Kirwan et al., 2016). These studies rely on meta-68 
analyses that compare estimated sea level rise to estimated salt marsh platform accretion. 69 
Adaptability of salt marshes to rising sea levels depends on their ability to build vertically at 70 
rates greater than or equal to relative sea level rise, or else to migrate inland at rates faster than 71 
erosion at their seaward boundary. Moderate increases of flooding duration can increase mineral 72 
sediment deposition rates (Vandenbruwaene et al., 2011), and plant productivity (Kirwan and 73 
Guntenspergen, 2012), contributing to increased vertical accretion, and reduced erosion rates. In 74 
addition, spatial and temporal variations in accretion, and plant-mediated changes of 75 
hydrodynamics and sediment transport mechanics along the marsh platform, may also alter 76 
wetland stability during periods of elevated sea level rise rates (Rodriguez et al., 2017; Sandi et 77 
al., 2018; Alizad et al., 2016; Belliard et al., 2016). Such biogeomorphic feedbacks allowed 78 
marshes to keep pace with rising sea levels during recent centuries (Kirwan et al., 2016; Morris 79 
et al., 2002).  80 
Current and likely future conditions forecast a more problematic future for salt marshes 81 
through this century. First, comparisons with historical fluctuations in global sea level 82 
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reconstructions show that recent accelerated rates of global sea level rise are unprecedentedly 83 
high, and expected to continue accelerating in the future (Merrifield et al., 2009). Second, 84 
susceptibility of coastal wetlands to sea level rise might be greatest in coasts with lower fluvial 85 
sediment sources to support platform accretion (Kirwan et al., 2010). Third, in populated areas, 86 
salt marsh inland migration can be limited by the effects of the “coastal squeeze”, a phenomenon 87 
that occurs when structures built landward of coastal wetlands, or steep upland topography, 88 
prevent landward incursion of marsh vegetation as sea level rises (Doody, 2004).  89 
Here we examine the effects of recent rising sea level on the habitat mosaic within a 90 
coastal salt marsh by taking advantage of an unusual, spatially detailed comparison of decadal 91 
changes in Great Sippewissett Marsh, on Cape Cod. Vegetation in the marsh is characteristic of 92 
New England and other regions along the North American Atlantic Coast, with a variety of plant 93 
species located at specific elevations within the tidal range according to their relative tolerance to 94 
submergence (Ewanchuck and Bertness, 2004; Nixon, 1982, and Fig. 1b, and c). This marsh is, 95 
as are many wetlands around the world, surrounded by human development. The marsh is 96 
exposed to mean tidal range of about 1.65 m, and sediment accretion takes place largely through 97 
accumulation of below ground plant biomass, rather than via riverine sediment inputs (Valiela, 98 
2015).   99 
In this paper we test whether 1) there have been recent decadal changes in the vegetation 100 
mosaic of a representative salt marsh in New England; 2) the changes in salt marsh vegetation 101 
were associated with parallel rise in sea level; and 3) knowledge of the links of recent vegetation 102 
and sea level changes could provide the means, combined with forecasted future sea level rise, to 103 
predict future trajectories of the marsh mosaic. Expanding scale from this empirically based 104 
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synthesis, we then carry out a literature meta-analysis to elucidate the fate of salt marshes across 105 
the world’s coasts to the end of this century in the context of accelerated sea level rise. 106 
 107 
2. Materials and Methods 108 
2.1 Sea level rise data and calculations.  109 
Sea level data were obtained from a tide gauge station located eight km south of Great 110 
Sippewissett Marsh, in Woods Hole, MA (NOAA Station ID#: 8447930). 1972 to 2013 monthly 111 
sea level data were used to estimate sea level rise rates. To determine whether there had been a 112 
significant shift in sea level rise, and when it took place, we carried out a piecewise linear 113 
regression analysis of the sea level rise time series. The intent of this statistical analysis was to 114 
objectively determine the best fits of regression models to segments of the time series of sea 115 
level rise data, to estimate significant differences of sea level rise rates during different segments 116 
of the data series, as well as identify the hinge years when significant shifts may have taken 117 
place. 118 
2.2 Field mapping and GIS processing.  119 
The 1979 field-recorded mapping involved examination of the entire salt marsh. We subdivided 120 
an outline map of the marsh, obtained from a detailed aerial photograph, into sub-units of the 121 
marsh approximately of 100 m2. These sub-units were then closely examined, and habitat data 122 
recorded while walking through each area and recording position and taxonomic make up of 123 
parcels with different vegetative cover, aiming at a resolution of at least 0.5 m.  124 
To draw the habitat map for 2015, we developed an ortho-rectified map of Great 125 
Sippewissett Marsh using an unpiloted aerial vehicle flown at an altitude of 50m. A DJI Phantom 126 
III Professional quadcopter provided multiple overlapping aerial images using a built-in 12-127 
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megapixel camera borne by the unpiloted aerial vehicle, and fitted with an f/2.8 lens with a 94-128 
degree field of view.  Photographs were captured in an overlapping grid pattern optimized for the 129 
generation of a composite orthomap. The application, Map Pilot 1.41, by DronesMadeEasy© 130 
automatically generated the photographic grid and photo sequence through a simple user 131 
interface where we defined the target area, altitude, and percentage overlap.  We specified an 132 
80% overlap to ensure a high-quality image. The unpiloted aerial vehicle automatically followed 133 
the specified flight path and captured over 1,000 individual, overlapping images.  A web service 134 
provided by MapsMadeEasy.com allowed the resultant images to be uploaded for rendering.  135 
The individual images were then aligned into a composite orthorectified image with a resolution 136 
of 0.3 m, suitable for geospatial analysis, and comparable to the resolution of the 1979 map (Fig. 137 
SI 1). 138 
We used QGIS Semi-Automatic Classification Plugin 4.9.5 (SACP) to classify the color-139 
coded vegetation types present in the 1979 vegetation map to convert them to polygons in a 140 
shapefile. To create a corresponding 2015 vegetation map, the unpiloted aerial vehicle-obtained 141 
composite image was divided into ten sections of approximately equal size, each of which was 142 
then classified individually. Open water, creek bank, sand dune and beach, and upland vegetation 143 
categories were all manually classified and converted to polygons. High and low marsh 144 
vegetation were then isolated and classified using SACP, according to the differences in texture 145 
and coloration of the two vegetation types. This classification was then visually checked for 146 
accuracy against the stitched image, and then further verified by confirming category boundaries 147 
observed in situ. We then extracted vegetation type areas and point-by-point conversion data 148 
from the resulting spatially referenced shapefiles. We measured shoreline movement by 149 
averaging 10 measurements taken at equidistant points along the shore. Dune area was measured 150 
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above 41°34'52.4"N and below 41°35'16.2"N. Marsh vegetation data were not measured above 151 
41°59’28.6"N, and the lower boundary was defined by a road to the south (Fig. SI 1). 152 
All GIS analyses were completed using the QGIS 2.14 software. Both the 1979 153 
vegetation map and the 2015 unpiloted aerial vehicle-obtained composite image were geo-154 
referenced against fully referenced aerial and satellite imagery corresponding to the years each 155 
was completed, using buildings, roads and other fixed structures and features as reference points. 156 
We used 23 control points for geo-referencing. The root mean square error during the process 157 
was 3.3 m. 158 
2.3 Numerical modeling of future marsh habitat trajectories. 159 
The modeling effort aimed to predict trajectories of the different vegetation habitats through the 160 
21st century as sea level rose. The strategy was to use habitat and vegetation changes we 161 
observed in the real-time comparisons from the 1979 and 2015 maps, plus sea level and elevation 162 
constraints for each marsh habitat (Fig. 1c), as the basis for anticipating future changes 163 
throughout Great Sippewissett Marsh.  164 
The modeling conservatively assumed that the current effective sea level rise as 2.93 165 
mm∙yr-1 [the difference between current sea level rise rate of 5.83 mm yr-1 (Fig. 1a) and 166 
accretion rate (~2.9 mm yr-1, Kinney and Valiela, 2013)], would be maintained through the 167 
century. Some studies of salt marsh accretion assume increase in water depth favors accretion by 168 
increasing external sediment deposition (Fagherazzi et al., 2012), but in Great Sippewissett 169 
Marsh and other New England salt marshes, accretion is mainly from burial of roots and 170 
rhizomes, rather than from fluvial sediment supply (Drake et al., 2015; Valiela, 2015). We need 171 
to emphasize here that 1) fluvial transport of terrestrial sediment is minimal, and freshwater 172 
enters the marsh via groundwater flow through sand-gravel aquifers (Valiela and Teal, 1979), 173 
 9 
and 2) change in vegetation-stimulated accretion is captured in the model by use of the data on 174 
vegetation cover itself. We conservatively assumed that the constrained vertical distribution of 175 
the several vegetation zones (Fig. 1c), defined by different tolerance of plant species to 176 
inundation and salinity (Kirwan and Guntenspergen, 2010), will not change. The model applied 177 
current annual rates of change in area of vegetation type for each type of habitat, as a point of 178 
departure for the simulation.  179 
We then defined, at annual time-steps, the area of each elevation-constrained habitat (Fig. 180 
1c) that would be present as effective sea level rose through the years. This defined conservative 181 
future trajectories for the several habitats found within Great Sippewisett Marsh.  Examination of 182 
the surrounding terrain, and the presence of a constructed embankment on the east side of Great 183 
Sippewissett Marsh (see Fig. SI 1) suggested that landward incursion by wetland vegetation 184 
would be prevented (the “squeeze” effect), a ceiling to landward incursion that was also included 185 
in the model.  186 
From recent trajectories of sea level rise in the area (Fig. 1 a), we assumed that the areas 187 
of the various habitats were relatively constant in the period between 1979 and 1992, when sea 188 
level rise rate was relatively low, at 0.99 mm yr-1. Long-term (1932-1992) rate of sea level rise in 189 
this location was 2.54 mm yr-1. Both, long- and short-term pre-1992 rates fall below the average 190 
accretion rates in Great Sippewissett Marsh of around 2.9 mm yr-1 (Kinney and Valiela, 2013). 191 
We therefore concluded that observed habitat changes took place after the acceleration of rates of 192 
sea level rise to 5.83 mm yr-1 after 1992. 193 
Observed rates of habitat change were used to numerically model possible post-2015 194 
trajectories of these habitats in Great Sippewissett Marsh. For each year, changes in the different 195 
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habitats were calculated as the balance between gains and losses of areas of the specific habitats, 196 
and propagated into the future as 197 
𝐴 , = 𝐴 , + 𝐴𝑔𝑎𝑖𝑛 − 𝐴𝑙𝑜𝑠𝑠 ,      (1) 198 
where 𝐴 ,  is the area covered by habitat X in year t, 𝐴 ,   the area in the previous year, and 199 
𝐴𝑔𝑎𝑖𝑛  and 𝐴𝑙𝑜𝑠𝑠  the amount of area gained or lost by habitat X each year. 200 
 For un-vegetated sandy habitats and dunes, we assumed no gains in area as sea level 201 
rises. Our data revealed partial colonization by low marsh of sandy habitats and of the landward 202 
side of the dunes as these habitats are progressively inundated (see Fig. SI 2). We assumed this 203 
colonization to continue at current rates until the total colonization of available sandy habitat 204 
area. Changes in area of sandy habitats were calculated as 205 
𝐴 , = 𝐴 , − 𝐶𝑜𝑙 ,      (2) 206 
where 𝐶𝑜𝑙  the amount of area of sandy habitats colonized by low marsh each year. 207 
 For dunes, measured losses were due to low marsh colonization in the landward side and 208 
submergence in the seaward side. We assumed that initially both sides of the marsh were 209 
approximately equal so low marsh colonization will only occur until the complete eastern half 210 
was covered by this type of vegetation. Changes in dune habitats were calculated as 211 
𝐴 , = 𝐴 , − 𝐶𝑜𝑙 − 𝑆𝑢𝑏𝑚 ,     (3) 212 
where 𝐶𝑜𝑙  is the area of dunes colonized by low marsh, and 𝑆𝑢𝑏𝑚  the area dunes lost 213 
by submergence each year. 214 
We assumed, from knowledge of the local landscape (and Fig. SI 1) that the “squeeze” 215 
effect exerted on high marsh vegetation by the berm on the east side of the marsh, and P. 216 
australis, will continue into the future, preventing inland expansion of the marsh. Therefore, for 217 
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high marsh vegetation, the coastal “squeeze” prevented up-gradient incursion, and hence 218 
constrained the gains in area in the upper range of topography, 219 
𝐴 , = 𝐴 , − 𝑆𝑢𝑏𝑚 − 𝐶𝑜𝑙 ,    (4) 220 
where 𝑆𝑢𝑏𝑚  is the area of high marsh lost by submergence of its lower elevation limit and 221 
𝐶𝑜𝑙  is the area of high marsh colonized by P. australis each year. 222 
 Most of the 1978 area of high marsh lost in 2015 was invaded by low marsh. We 223 
assumed that the area of high marsh lost by submergence each year was initially colonized by 224 
low marsh, 225 
𝑆𝑢𝑏𝑚 = 𝐶𝑜𝑙 ,       (5) 226 
where 𝐶𝑜𝑙  is the area of high marsh colonized by low marsh each year. 227 
 To model changes in area of P. australis we assumed a constant rate of colonization while high 228 
marsh habitats are still present. After high marsh areas disappear, and in spite of tolerance to 229 
salinity of the new genetic variant, P. australis area was assumed to recede and be invaded by 230 
low marsh at the same rate as high marsh, 231 
𝐴 , = 𝐴 , + 𝐶𝑜𝑙    𝑖𝑓 𝐴 , > 0,   (6) 232 
𝐴 , = 𝐴 ,  − 𝑆𝑢𝑏𝑚    𝑖𝑓 𝐴 , = 0.    (7) 233 
 Future trajectories of low marsh vegetation where calculated as the balance between the 234 
areas gained by colonization of high marsh, sand and dune habitats, and the by the effects of sea 235 
level rise as 236 
𝐴 , = 𝐴 , + 𝐶𝑜𝑙 + 𝐶𝑜𝑙 + 𝐶𝑜𝑙 − 𝑆𝑢𝑏𝑚 , (8) 237 
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where 𝑆𝑢𝑏𝑚  is the area of low marsh lost by submergence of its lower elevation limit each 238 
year. 239 
 To solve equation 8, two different periods were defined. In the first period, where high 240 
marsh and sandy habitats were still present, low marsh upland colonization was still possible. 241 
The processes of colonization of new areas and accretion would redistribute much of the area 242 
covered by low marsh in the optimum central part of its elevation range (see Fig. 1b, c). We 243 
assumed that low marsh area cover follows a normal distribution (Tabak et al., 2016), with 244 
99.9% of the area of low marsh distributed in the 30 cm of its elevation range, and much of its 245 
area distributed around the central part of this range. The losses caused by the effects of sea level 246 
rise would then occur in the lower elevation limit of low marsh distribution. We assumed that the 247 
amount of low marsh area at this lower elevation limit would be minimum and, therefore, we 248 
expect minimum losses in terms of area per year as sea level rises during this initial period, 249 
𝑆𝑢𝑏𝑚 = 𝑚𝑖𝑛𝑆𝑢𝑏𝑚  𝑖𝑓 𝑡 < 𝑇 ,      (9) 250 
where 𝑇  is the year where the sum of high marsh, P. australis and sandy habitats is null, and 251 
upland colonization of low marsh is not possible. 252 
After the total loss of higher elevation areas, the “squeeze” effect will be exerted on low 253 
marsh. The cumulative losses of the normally distributed low marsh area would accelerate each 254 
year until half of the elevation range has been inundated and then decrease until the entire range 255 
is inundated. To simulate the changes in the rate of low marsh loss in this period, as the normal 256 
distribution of areas are inundated, we assumed that 257 




 𝑖𝑓 𝑡 > 𝑇 ,   (10) 258 
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where 𝑚𝑎𝑥𝐴  is the area of low marsh in the year 𝑇 . The parameters for the calculation of 259 
losses of a normal distribution of low marsh area were calculated as 260 
𝜇 = , 𝑎𝑛𝑑        (11) 261 
𝜎 = ,        (12) 262 
where 𝑅𝑎𝑛𝑔𝑒  is the elevation range covered by low marsh, SLR the rate of sea level rise, and 263 
𝐴𝑐𝑐𝑟  is the rate low marsh accretion each year. 264 
 For the case of the creek banks, the gains in area by colonization of low marsh in the 265 
higher elevation limit of its distribution, and the losses by inundation of its lower limit, both 266 
caused by sea level rise, were considered equal during the first period of low marsh expansion. 267 
During this period, observed losses were assumed to be caused only by edge slumping, 268 
𝐴 , = 𝐴 , − 𝑆𝑙𝑢𝑚𝑝  𝑖𝑓 𝑡 < 𝑇 ,     (13) 269 
where 𝑆𝑙𝑢𝑚𝑝  is the rate of creek bank edge slumping each year. 270 
 After low marsh starts to recede, further losses of creek bank took place at a rate 271 
proportional to low marsh losses, and to the relative areas of both habitats. Creek bank 272 
vegetation area was then calculated as 273 
𝐴 , = 𝐴 , − 𝑆𝑙𝑢𝑚𝑝 + 𝐴 , − 𝐴 ,
,
,
 𝑖𝑓 𝑡 > 𝑇 , (14) 274 
The calculation of the different terms used in the previous equations were based on 275 
observed changes in areas resulting from the comparison of 1979 and 2015 datasets, the 276 
elevation ranges of the various Great Sippewissett Marsh habitats (Valiela and Rietsma, 1995), 277 
measured accretion rates in Great Sippewissett Marsh (Kinney and Valiela, 2013), and the post-278 
1992 local rate of sea level rise of 5.83 mm yr-1. Values for these variables are in Table SI 1.  279 
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To assess uncertainty in sea level rise effects on the different habitat covers, the standard 280 
error of the post-1992 sea level rise estimates was used to recalculate model parameters, 281 
assuming the various habitat parameter responses are proportional to the difference between sea 282 
level rise and habitat accretion rates, 283 
𝑃 , ± . . = 𝑃 ,
± .
.      (15) 284 
 285 
3. Results and discussion 286 
3.1 Sea level rise changes.  287 
Sea level rise was variable throughout the study period (Fig. 1a), but remained at about 1 mm yr-288 
1 up to the hinge year of 1992, and then rose to 5.83 mm yr-1 after that year. This difference 289 
appears large enough to expect significant effects on the vegetation and habitats of Great 290 
Sippewissett and similar salt marshes. 291 
3.2 Overall changes in Great Sippewissett Marsh, 1979-2015.  292 
The total area of Great Sippewissett Marsh system changed slightly between 1979 and 2015 (Fig. 293 
2a, b, and Table SI 2). The marsh includes areas of vegetated cover, sand deposits (beach and 294 
dunes), and open water (Fig. 2a). The vegetated area was about twice that of open water, a 295 
proportion that suggests that Great Sippewissett is a reasonably mature marsh, where platform 296 
accretion historically exceeded, or kept up with sea level rise, vegetated areas predominated, and 297 
where exports of particulate organic materials to the adjacent sea were likely (Valiela, 1983).  298 
Between 1979 and 2015 there was an almost 6% increase in open water area, and 3% and 299 
19% decreases in vegetated cover and sand deposits, respectively (Fig. 2b). These recent changes 300 
suggest modest but detectable changes for the marsh as a whole, effects consistent with increased 301 
vegetation submergence and erosion of beach and dunes.  302 
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3.3 Alteration of the vegetation mosaic.  303 
There were substantial changes in the specific units of the vegetation and habitat mosaic within 304 
Great Sippewissett Marsh between 1979 and 2015 (Fig. 2c, d and Fig. 3).  305 
3.3.1 Loss of creek banks.  306 
There was a 14% loss of creek banks and low-lying habitats that supported tall Spartina 307 
alterniflora (Fig. 2d). Creek bank loss was by slumping following increased submergence (Fig. 308 
SI 3a, b). Slumping of creek banks has been attributed to joint effects of nitrogen-related 309 
eutrophication and sea level rise (Deegan et al., 2012); both these drivers favor conversion of 310 
stands of short into taller S. alterniflora, changes that reduces marsh sediment cohesion (Deegan 311 
et al., 2012; Valiela, 2015). We found, however, that concentrations of dissolved inorganic 312 
nitrogen in waters of Great Sippewissett Marsh, while variable, have not increased across recent 313 
decades (Table SI 3), during which sea level has risen substantially in excess of local accretion 314 
of salt marsh platform (Valiela, 2015). This suggests that sea level effects might be the prime 315 
driver of creek bank loss in Great Sippewissett Marsh. 316 
 317 
3.3.2 Increase in low marsh and decrease in high marsh.  318 
The shift in vegetation mosaic included a 43% increase in area of low marsh vegetation, 319 
dominated by short S. alterniflora (Fig. 2d, Fig. 3a, and Table SI 2). During the same period, 320 
area covered by high marsh vegetation (mainly Spartina patens) decreased by nearly 60% (Fig. 321 
2d, Fig. 3b, and Table SI 2). Increased submergence owing to recent sea level rise therefore 322 
shifted much of what was high to low marsh species cover, accounting for 66.5% of the gain in 323 
low marsh area cover; the remaining gain in low marsh cover was at the expense of newly 324 
submerged sand habitats. These major changes in the vegetated mosaic took place within the 325 
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marsh even though there were only minor changes in total area cover of vegetation and open 326 
water (Fig. 2b, and Table SI 2). The increase in lower-lying low marsh at the expense of high 327 
marsh and sand habitats is clearly consistent with increased submergence as sea level rose, as 328 
reported for century-scale and decadal- and shorter-scale effects of sea level rise (Kolker et al., 329 
2009; Raposa et al., 2017; Rietsma et al., 2011; Watson et al., 2016).  330 
An obvious question is why high marsh plants did not simply migrate towards upland 331 
areas as sea level rose? We already mentioned two possible mechanisms in the discussion of the 332 
model approach. First, such a movement was made difficult by the presence of an embankment 333 
or berm, built during the 1870s to support a railroad (now a bicycle path) along the eastern 334 
boundary of the marsh (Fig. SI 1). Second, during the nearly four decades of our study, the 335 
landward edges of Great Sippewissett Marsh have been subject to invasion (Fig. 2d, and Table SI 336 
2) by a genetic variant of common reed, Phragmites australis, as reported for other NE US 337 
coasts (Hazelton et al., 2014).  338 
Instead, it is thought that the new variant is favored by its increased salinity tolerance and 339 
affinity for uptake of increased concentrations of dissolved inorganic nitrogen in freshwater 340 
flowing into salt marshes (Valiela, 2015). This invasive form of P. australis prevents landward 341 
movement of high marsh (Smith, 2013) owing to its characteristic growth as a narrow but 342 
aggressive phalanx along landward margins of salt marshes (Fig. SI 3c). P. australis is taller than 343 
high marsh plants, has robust belowground roots and rhizomes, and easily shades and excludes 344 
high marsh grasses. 345 
3.4 Consequences for salt marsh ecological services.  346 
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Shifts in the vegetation mosaic following sea level rise may also alter the many other ecological 347 
services provided by salt marshes, including stability of underlying sediments, sequestration of 348 
carbon, and provision of food and nursery roles for animals. 349 
3.4.1 Marsh sediment stability.  350 
The changes recorded in the distribution of creek banks, low, and high marsh species are likely 351 
important for maintenance of stability of underlying sediments, an important ecological service 352 
provided by marsh vegetation. S. alterniflora, the dominant species in most Western Atlantic salt 353 
marshes, grows in taller, sparser stands low in the intertidal, and as dwarf, dense stands higher in 354 
the tidal range (Fig. 1b). The interwoven mass of roots and rhizomes of salt marsh plants is 355 
largely responsible for the consolidation of the otherwise loose sediments in marshes (Deegan et 356 
al., 2012; Valiela, 2015), but this stabilizing service is not uniform across the tidal range. The 357 
short S. alterniflora confers considerably greater binding to the underlying sediment because its 358 
root and rhizome mass is much denser than the tall form. Sediments in low-lying creek banks, 359 
usually supporting tall S. alterniflora, are less stable, and more likely to suffer erosion and 360 
slumping (Fig. SI 3a, b). On the whole, therefore, increased submergence weakens stability of 361 
salt marsh platforms. 362 
3.4.2 Carbon sequestration.  363 
Sea level-influenced vegetation shifts alter sequestration of carbon (Kirwan and Mudd, 2012; 364 
Morris et al., 2002). C burial rates in creek banks is about 4.7 times the rates measured in high 365 
marsh; carbon burial in low marsh is about 1.9 times those recorded in high marsh sediments 366 
(Ouyang and Lee, 2014). The stimulation of carbon sequestration associated with stands of S. 367 
alterniflora is consistent with observations in China and the British Isles (Gao et al., 2012; 368 
Ouyang and Lee, 2014).   369 
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3.4.3 Foraging and nursery services.  370 
Sea level-related shifts of area of low and high marsh have consequences for consumers that feed 371 
and reproduce in creek bank, low marsh, and high marsh habitats.  372 
Loss of creek bank habitat will impair certain species with major ecological and 373 
biogeochemical roles within salt marsh ecosystems. Creek bank and low-lying habitats are 374 
essential for a number of key marsh species. Fiddler crabs (Uca pugnax) play fundamental roles 375 
in sediment biogeochemistry and turnover (Wang et al., 2010), and their numerous burrows are 376 
most abundant within low-lying marsh sediments, mainly where tall S. alterniflora grows 377 
(Bertness and Miller, 1984; Krebs and Valiela, 1978). A number of bivalves, including oysters 378 
(Crassostrea virginica) and ribbed mussels (Geukensia demissa) live largely on salt marsh creek 379 
banks (Evgenidou and Valiela, 2002). Ribbed mussels by themselves were numerous enough in 380 
Great Sippewissett marsh in the 1980s to filter more than the whole volume of tidal exchange of 381 
water daily (Jordan and Valiela, 1982), and hence maintained water clarity. The narrow and 382 
patchy strips of tall stands of S. alterniflora on salt marsh creek banks are the sole nesting habitat 383 
of seaside sparrows (Ammodramus caudacutus), whose nests are extremely vulnerable to even 384 
slight increases in sea level (Gjerdrum et al., 2005) and whose populations are declining (Berry 385 
et al., 2015). 386 
Expansion of low marsh at the expense of high marsh favors feeding by Fundulus 387 
heteroclitus and other fish species, predators that forage within the low marsh canopy during 388 
high tide (Werme, 1981), but are unable to penetrate into and feed within the much denser stands 389 
of high marsh vegetation (Vince et al., 1976). Sharp-tailed sparrows (Ammodramus maritimus) 390 
nest in high marsh sites, and nesting success of this vulnerable species is highly susceptible to 391 
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flooding regimes (Gjerdrum et al., 2005), so that reproduction is reduced by rising sea level 392 
(Rush et al., 2009). 393 
3.5 Erosion, transport, and biological effects of changes in sediments.  394 
Beach and dunes along the seaward margin of Great Sippewissett Marsh (Fig. SI 1) receded to 395 
the East by a mean of 22 m between 1979 and 2015 (Fig. 3c, and Fig. SI 4). The removed sand, 396 
transported by storm over-wash and net tidal exchange into the marsh, seems likely to be 397 
responsible for the 82% increase in area of sand-covered bare bottom across the period (Fig. 2c, 398 
Fig. 3d, and Table SI 2). This extension of sand cover was synchronous with a 47% decrease in 399 
mud-covered bottom (Fig. 2c, Fig. 3d, and Table SI 2).  400 
Continued reduction of beach and dune areas will have effects on a number of species, 401 
including nest success and population recovery by piping plover (Charadrius melodus) and least 402 
tern (Sterna albifrons), federally listed species that use these limited habitats as nesting areas. 403 
Reduction of nesting habitat changes are therefore of avian conservation concern in the region.  404 
The transition of mud to sand bottoms under open water (Fig. 2c,d) should have had other 405 
biological effects, such as increased supply of food for consumers entering marshes to feed, since 406 
production of benthic invertebrate biomass in sandy bottoms of Great Sippewissett Marsh is 2.5 407 
to 16 times that reported for muddy sediment (Sarda et al., 1995). The shift in benthic sediment 408 
cover towards sandy sediments therefore has likely increased food supply for commercially 409 
important fish [flounder species, menhaden (Brevoortia tyrannus), bluefish (Pomatomus 410 
saltatrix), and other species], as well as for shrimp and crabs, that use open water habitats within 411 
salt marshes as early-life history foraging areas in New England and elsewhere in the world 412 
(Hampel et al., 2005; Sá et al., 2006).  413 
3.6 Future of Great Sippewissett Marsh.  414 
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The modeled potential future trajectories of the total area and the vegetation mosaic of Great 415 
Sippewissett, yielded a forecast of the future of the marsh.  416 
We assumed no changes in vegetated habitats of Great Sippewissett Marsh (creek bank, 417 
low marsh, and high marsh) between 1978 and 1992, a period during which platform accretion 418 
rates approximately matched long-term sea level rise rates (left side of Fig. 4, whole lines). As 419 
sea level rise rates accelerated by about six-fold after 1992, trajectories were set to match 420 
measured habitat changes that took place in the marsh until 2015 (right side of Fig. 4, whole 421 
lines). After 2015, and as sea level continues to rise, the model anticipates major changes in 422 
vegetated habitats (Fig. 4a, dashed lines), and predicts a progressive transformation of the salt 423 
marsh into open water areas (Fig. 4b, dashed lines).  424 
With regard to vegetated habitats, modeled trajectories predict that creek banks will 425 
continue to slump, and the tall stands of S. alterniflora growing on the banks will largely 426 
disappear from Great Sippewissett Marsh by about the end of the century. Increased 427 
submergence will initially foster expansion of low marsh vegetation to almost twice its original 428 
area by 2030 (Fig. 4a). Most of the low marsh expansion will be at the expense of high marsh 429 
areas (Fig. 4a). After disappearance of high marsh around 2030, low marsh extent will decrease 430 
rapidly as it is further submerged, and has no available elevated areas to invade. If the land 431 
margin adjacent to the marsh were not steep or populated and protected from flooding by people, 432 
the high marsh could have grown landward, and could have survived considerably longer. 433 
Our simulation did not allow high nor low marsh species to expand onto upland areas 434 
because of the coastal “squeeze” against the built environment (such as the embankment 435 
supporting the bicycle path to the East of the marsh, Fig. SI 1), and because of the dominant 436 
stand of P. australis along the landward margin of Great Sippewisset Marsh (Fig. SI 3c). Both 437 
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low and high marsh will likely be gone by 2100—with an uncertainty of 30-40 years (Fig. 4). 438 
Great Sippewissett Marsh will then have largely disappeared, and the coast will show a shallow 439 
embayment in its place (Fig. 4b). 440 
A recent evaluation of salt marsh vulnerability to current sea level rise rates showed that, 441 
based on the quantification of the marsh’s sediment budget, many other North American marshes 442 
are likely to disappear in a similar time period (Ganju et al., 2017). According to the calculations 443 
of that same study, and with a ratio of open water to vegetated marsh of 0.59 in 2015, the likely 444 
lifespan of the marsh complex in Great Sippewissett could be just slightly more than 100 years, a 445 
result that matches almost exactly the calculations from our modeled trajectories.  446 
An earlier study of sediment cores taken from Great Sippewissett Marsh suggested that 447 
about 2500 years ago, the area that is now Great Sippewissett Marsh included a shallow coastal 448 
embayment with a tidal mudflat, a rather narrow salt marsh rim, and some freshwater swamp 449 
towards land (Treggor, 1983). That description matches what the model anticipates will be the 450 
case after 2100. These conclusions point out that salt marshes such as Great Sippewissett are 451 
indeed transient coastal environments at geological scales, with lifetimes of a few thousand 452 
years. 453 
3.7 Future trajectories of salt marshes in general.  454 
The future of salt marshes and other coastal wetlands across the world is a fraught with 455 
uncertainty; the only guarantee is that major changes are inevitable. Although sea level rise is a 456 
major driver of changes (Tabak et al., 2016), the future of salt marshes also depend on the 457 
relative magnitude of sea level rise vs. sediment accretion, two variables that differ greatly 458 
among coastal wetlands (Fig. 5). The local variability in such variables is reflected in the diverse 459 
results reported. Kirwan et al. (2016) reviewed ratios of sea level rise and accretion in salt 460 
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marshes, and suggested that marsh loss might be overestimated. Other meta-analyses 461 
(Blankespoor et al., 2014; US Fish and Wildlife Service, 2012; Watson et al., 2017) concluded 462 
that marsh loss may indeed be large.  463 
The comparison of  sea level rise vs accretion pointed out many points above and below 464 
the 1:1 line that indicates a balance between the two processes. Enumeration of the points above 465 
and below the 1:1 line suggested that 40.3% of salt marshes around the world could be fated to 466 
be submerged (Fig. 5). The meta-analyses included sites where riverine sediment inputs support 467 
accretion, a condition that may not be true of all salt marsh sites, and did not at all consider the 468 
widespread occurrence of coastal squeeze effects owing to human settlement of coastal areas 469 
(Valiela, 2006). The meta-analyses of Fig. 5 also assumed no further increases in sea level rise. 470 
Sea level rise, however, has accelerated during recent decades. Since the early 1990s, current 471 
rates of global sea level rise have almost doubled (Chen et al., 2017; Dangendorf et al., 2017; 472 
Merrifield et al., 2009). The acceleration will, conservatively, result in a doubling of rise of 473 
global sea level by 2100, forcing a rise of 65 cm by 2100, relative to sea level in 2005 (Nerem et 474 
al., 2018). Salt marshes, much like other coastal wetlands, are therefore facing a threatening 475 
future rise in sea level. To project a probable future, we re-drew the 1:1 line in Fig. 5, to a 476 
position likely to exist at the end of this century, assuming that accretion will remain unchanged, 477 
but sea level will rise as presently forecasted (Nerem et al., 2018). Under these conditions, by 478 
2100, 94.9% of the 315 salt marsh sites—particularly those where platform accretion is largely 479 
through below-ground biomass accumulation—would likely become submerged. Although this 480 
oversimplifies conditions and does not account for future changes in accretion, these numbers 481 
still suggest that salt marshes are, and will continue to be, a significantly threatened major 482 
coastal environment.  483 
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The magnitude of changes forced by sea level rise on coastal wetlands is and will be 484 
significant, with greater submergence followed by slumping creek banks, less stable sediments, 485 
more low marsh, changing un-vegetated sediments, and likely decreased ability of high marsh to 486 
migrate landward. Further sea level rise will thoroughly alter the way salt marsh ecosystems 487 
convey their important ecological services—stabilization of coastlines, carbon sequestration, 488 
provision of wildlife habitats, and other services such as interception of nitrogen (Valiela, 2006). 489 
Sea level rise will have measurable effects on the functioning of these ecosystems, with 490 
consequences for ecological services, and will make developing management measures a serious 491 
challenge. Moreover, the habitat mosaic and the topographic and hydrodynamic setting of 492 
different salt marshes will differ. Predictions of future trajectories in function and services, and 493 
planning strategies toward marsh preservation, will therefore have to be locality-specific. There 494 
is little doubt, however, that the best and most broadly meaningful preservation plan would 495 
include preventive global-scale measures aimed at diminishing sea level rise by decreasing 496 
atmospheric warming. 497 
 498 
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Figure legends 690 
Fig. 1 Recent rates of sea level rise and habitat distribution across the elevation gradient. a) 691 
Record of sea level rise, 1972-2013, for the Woods Hole, Cape Cod, MA US, station. Plotted 692 
values are sea levels relative to NAVD88. Dashed red line represents the hinge year of 1992, 693 
when slopes changed significantly according to the piecewise regression analysis of data. b) 694 
Diagrammatic section through a New England salt marsh, from the upper marsh edge (on the 695 
left) to the tidal creek bottom (on the right); figure adapted from Valiela (2015). In sequence, 696 
from left to right: the upper tidal margin of the marsh is defined by a narrow band of marsh elder, 697 
Iva frutescens, and black rush, Juncus maritima; the high marsh platform is covered by marsh 698 
hay, S. patens, with some spikegrass, Distichlis spicata; intermediate and short forms of S. 699 
alterniflora grow on the low marsh platform, with the glasswort, Salicornia europaea growing in 700 
temporary open gaps; tall form of cordgrass, S. alterniflora occurs on creek banks—with a 701 
limited understory of brown algae; at the lower limit of the tidal range, there are un-vegetated 702 
bare sediments. c) Elevation range for high marsh, low marsh, and creek bank vegetation, and for 703 
un-vegetated areas covered by sand (SC) or mud (MC) sediments; from Valiela and Rietsma 704 
(1995). 705 
Fig. 2 Changes in areas of major habitats of Great Sippewissett Marsh between 1979 and 2015. 706 
a) Areas±s.e. of total marsh and major habitats. b)  707 
Percent changes between 2015 and 1979, for the same categories. c) Area±s.e. of major 708 
vegetation types. d) Percent changes between 2015 and 1979, for the same categories, where 709 
blue shows gains, and red shows losses. 710 
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Fig. 3 Spatial changes in major habitats of the Great Sippewissett Marsh between 1979 and 711 
2015, for a) low marsh, b) high marsh, c) beaches and dunes, and d) un-vegetated mud and sand 712 
sediments. 713 
Fig. 4 Modeled trajectories of Great Sippewissett Marsh for a) vegetated habitats, and b) open 714 
water area. Values expressed as percentages of total area of the marsh in 1979. Solid lines 715 
represent changes in areas between 1979 and 2015. Dashed lines represent modeled changes in 716 
areas into the future. Shaded areas represent the propagated uncertainty associated with the 717 
estimated areas of each habitat. 718 
Fig 5 Sediment accretion rates versus mean sea level rise in salt marshes around the world. The 719 
graph includes data from 315 locations. Data from compilations in Crosby et al. (2016), Kirwan 720 
et al. (2016), Raposa et al. (2016), and Valiela (2006). The black dashes show the 1:1 line 721 
indicating agreement between accretion and sea level rise during recent historical times. The 722 
grey dashes show the same agreement line, modified to show position in 2100, assuming no rise 723 
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Supplementary Information 736 
 737 
Fig. SI 1. Aerial image of Great Sippewissett salt marsh, Cape Cod, MA. The image was compiled by digitally 738 
stitching a series of images obtained by unpiloted aerial vehicle flights done in September 2015. 739 
 41
 740 
Fig. SI 2. Great Sippewissett Marsh habitat maps. a, Maps of habitat and vegetation mosaic for 1979 generated 741 
from data collected from field surveys. b, Maps of habitat and vegetation mosaic for 2015 generated from images 742 




Fig. SI 3. Some views of Great Sippewissett Marsh. a) Tidal creek within Great Sippewissett Marsh, 2015, 746 
showing slumping creek banks on either side of creek; the vegetation ranges from tall S. alterniflora on the 747 
collapsing creek banks, to shorter S. alterniflora on the platform farther away from the creek, and high marsh 748 
species nearer to land. b) Slumping creek banks along a tidal creek in Great Sippewissett Marsh, 2014, after 749 
increased submergence stimulated growth of sparser tall grasses, sediment weakened, bands of marsh platform and 750 
creek banks separated from the platform, and collapsed into the pond, and slowly disappeared. c) View of part of 751 
Great Sippewissett Marsh, looking toward land, 2015, showing short S. alterniflora in foreground, giving way to 752 
high marsh vegetation farther away. The upper edge of high marsh vegetation is prevented from landward migration 753 
by the solid phalanx of the much taller P. australis new variant. 754 
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 755 
Fig. SI 4. Shoreline recession. Detail of Figure 2, showing the area near the inlet of Great Sippewissett marsh, an 756 







Table SI 1. Values of variables in modeling of Great Sippewissett Marsh future trajectories 763 
Parameter Description Value Equations 
RangeLM Amplitude of low marsh elevation range 0.3 m 11, 12 
AccrLM Low marsh accretion rate 2.95 mm yr-1 11, 12, 15 
AccrHM High marsh accretion rate 2.25 mm yr-1 15 
ColLMtoSH Low marsh colonization rate of sandy habitats 311 m2 yr-1 2, 8 
ColLMtoDH Low marsh colonization rate of dune habitats 132 m2 yr-1 3, 8 
SubmDH Inundation effect on dunes 457 m2 yr-1 3 
SubmHM Inundation effect on high marsh 2077 m2 yr-1 4, 7 
ColLMtoHM Low marsh colonization rate of high marsh 2077 m2 yr-1 5, 8 
ColPhragtoHM P. australis colonization rate of high marsh 27 m2 yr-1 4, 6 
minSubmLM Minimum rate of Inundation effect on low marsh 313 m2 yr-1 9, 10 
µ Half-life for the total area of low marsh 52 yr 10, 11 
σ Standard deviation of the distribution of low marsh loss  17 yr 10, 12 
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Table SI 2. Area of different habitats (m-2) ± s.e. within Great Sippewissett marsh during 1979 770 
and 2015, and % changes between these years, per habitat and for entire marsh system 771 
Habitat 1979 2015 Difference % change 
Wetland vegetation 284,674 ± 5,991 276,154 ± 5,901 -8,520 -3.0 
 Creek banka 83,747 ± 3,249 71,900 ± 3,011 -11,847 -14.1 
 Low marsh 118,320 ± 3,862 169,080 ± 4,617 47,902 +42.9 
 High marsh 80,910 ± 3,194 32,509 ± 2,025 -50,760 -59.8 
 P. australis 1,697 ± 463 2,665 ± 580 968 +57.0 
Open water 152,819 ± 4,389 161,749 ± 4,516 8,930 +5.8 
 Mud bottoms 90,292 ± 3,374 47,930 ± 2,458 -42,362 -46.9 
 Sand bottoms 62,527 ± 2,808 113,819 ± 3,788 51,292 +82.0 
Beach and dunes 71,258 ± 2,997 57,706 ± 2,6978 -13,553 -19.0 
Total area 508,571 ± 8,008 495,609 ± 7,905 -12,962 -2.5 
aThis habitat includes creek banks as well as isolated low-lying islands supporting growth of tall form S. 772 
alterniflora. 773 
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Table SI 3. Concentrations (µM) of nutrients in water samples, and number of stations (n) 776 
sampled within Great Sippewissett marsh, 1970-2014 777 
Year 
Nitrate Ammonium Phosphate 
Mean ± se n Mean ± se n Mean ± se n 
1970 0.74 ± 0.20 20 3.26 ± 0.64 19 0.94 ± 0.25 20 
1971 2.23 ± 0.74 6 3.56 ± 0.16 3 3.33 ± 2.17 6 
1972 1.28 ± 0.04 2 13.23 ± 5.07 2 3.56 ± 3.53 2 
1975 2.30 ± 0.45 16 0.50 ± 0.10 12 0.72 ± 0.11 12 
1977 0.39 ± 0.09 13 2.78 ± 0.29 13 0.60 ± 0.23 13 
1984   10.90 ± 0.00 1   
2007 1.06 ± 0.28 28 1.72 ± 0.21 28 0.96 ± 0.12 28 
2009 0.71 ± 0.30 13 1.63 ± 0.46 13 0.45 ± 0.11 13 
2012 2.40 ± 1.62 6 0.14 ± 0.03 6 1.28 ± 0.24 6 
2014 3.22 ± 0.71 15 4.75 ± 0.59 14 7.89 ± 0.24 15 
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